In this study we have proposed a new nanoparticle-containing test paper sensor that could be used as an inexpensive, easy-to-use, portable, and highly selective sensor to detect Cu 2+ ions in aqueous solutions. This disposable paper sensor is based on ZnO@ZnS core shell nanoparticles. The core shell nanoparticles were synthesized using a chemical method and then they were used for coating the paper.
Introduction
In recent years, the sensing and recognition of cations and anions has emerged as a key research field within chemistry because of the important role of cations and anions in a wide range of industrial, environmental problems, and for biological systems.
1, 2 Therefore, the recognition and sensing of the cationic and anionic analysts has attracted considerable attention as a significant goal of research programs. [3] [4] [5] Among the different methods for sensing cationic and anionic analysts, colorimetric sensors have attracted more attention, due to their simplicity, rapidity, precision and common availability of the basic equipment in laboratory and field research. [6] [7] [8] [9] [10] [11] Furthermore, colorimetric methods are extremely attractive in the field of detection, because the read out is easy. It can be performed using the naked eye, offering advantages of simplicity and rapidity, along with the additional benefits of cost-effectiveness and no requirement of any sophisticated instrumentation. 12, 13 Recently, paper based analytical devices have gained great interest due to their attractive advantages, such as low cost and simplicity. Compared to the conventional analytical methods that require complex instrumentation, paper based analytical devices are usually integrated with simple colorimetric detection systems. 7, 8 Heavy metal ions such as Cu 2+ , Zn 2+ , Cd 2+ , and Hg 2+ represent a threat to human health and the whole environment and for this reason they have attracted a lot of attention in different research fields. 14 Copper, the third most abundant transition metal ions in the human body, plays an important role in a variety of fundamental biological processes in organisms and acts as an essential trace element. Nevertheless, Copper with high concentrations can induce toxic effects in living organisms and cause severe diverse effects in humans. For instance, excess copper in drinking water has been suspected of causing liver cirrhosis in children, and has been linked to serious neurodegenerative diseases. [15] [16] [17] Therefore excess amount of copper can threaten human health, and hence copper removal from drinking water is an important issue which must be considered. For this purpose, the first step is the detection and the accurate quantification of Cu 2+ ions in drinking water. Although some studies have been conducted in this area and some methods have been demonstrated for the detection of the Cu 2+ ions in the water, [18] [19] [20] [21] there is still a lack of a portable, disposable, highly sensitive and selective and easy-to-use sensor based on colorimetric response which is usable with naked eyes. Such disposable detection method will be useful for the public and especially in remote areas were drinking water is supplied from local wells and small running streams.
Nowadays, nanomaterials have attracted extensive interest in modern chemistry due to their unique superior properties for optical, electronic, magnetic, and catalytic effects. Among the different nanomaterials, zinc oxide nanoparticles (ZnO NPs) have their own importance due to their vast area of applications, such as: chemical and bio-sensing, cosmetics, optical and electrical devices, drugdelivery, and solar cells etc. 22, 23 Also, covering ZnO NPs with another material can tune its properties to make it useful in other research area 24 . Nowadays, considerable effort has been devoted to the design and fabrication control of ZnO@ZnS CSNPs. Various ZnO@ZnS core-shell nanostructures have been synthesized, most of them at elevated temperature. 25 Epitaxial growth of ZnS shell on ZnO core is obtained by the high-temperature synthesis. In contrast, low-temperature synthesis with low cost can lead to a uniform nanocrystalline ZnS structure, but so far only a limited number of publications can be found. 26 There is a lack of simple and fast reliable way for the growth of pure ZnO@ZnS
CSNPs with full coverage of the shell material. In the work reported by Nam et al 27 CSNPs, the utility of using ZnO nanoparticles (NPs) was investigated and compared to the CSNPs. It was found that pure ZnS NPs do not disperse uniformly in aqueous water solutions as compared to the ZnO@ZnS CSNPs and subsequently cannot create a uniform spot on the paper sensor.
Experimental

Chemicals and Materials
Zinc acetate dehydrates (ZnAC2.2H2O) and sodium hydroxide (NaOH) were used as the starting materials for preparing the ZnO NPs and sodium sulfide (Na2S), zinc chloride (ZnCl2) and isopropanol were used as precursors for covering the ZnO NPs with ZnS. Copper nitrate trihydrate was used to prepared different solution with various Cu 2+ concentrations to study the colorimetric responses of the paper sensor. All chemicals were of analytical grade and were purchased from Sigma Aldrich. Filter paper with 0.22 μm pore size was purchased from Millipore for making the paper sensors.
Instruments
The structural characteristics of the ZnO@ZnS CSNP and the paper sensor were investigated by X-ray powder diffraction (XRD) using a Phillips PW 1729 powder diffractometer equipped with CuKα radiation (λ=1.5418 Å) operating at a generator voltage of 40kV and a current of 40mA. The high resolution transmission electron microscopy (HRTEM) characterization was carried out using a FEI Tecnai G2 TF20 UT instrument with a field-emission gun operated at 200 kV. The instrument has a point resolution of 0.19 nm and is equipped with an EDX system. The TEM specimen was prepared by dispersing the nanostructure powder on a copper grid with a thin amorphous carbon film. Photographic results were recorded using a 13 Megapixel camera of the Galaxy Note III and were analyzed with a ImageJ software.
Synthesize of ZnO NPs and ZnO@ZnS CSNPs
In order to grow ZnO NPs, zinc acetate dehydrate and sodium hydroxide were dissolved in deionized water to form two transparent solutions with 0.5 M and 1 M concentrations respectively, and then, they were added drop-wise into a beaker at room temperature. After 2 hours of stirring, the 
Preparation of paper sensor
In order to prepare the sensor for the detection of Cu 2+ ions, a uniform and soft surface which is fully covered with the ZnO@ZnS CSNPs is needed. Using a relatively large amount of ZnO@ZnS
CSNPs can lead to form large and non-uniform surface which usually results in non-concentrated color intensity from the samples under investigation and this causes some difficulties for analyzing the data. In order to make the paper sensor, a 0.5% (W/V) solution of the as-grown ZnO@ZnS
CSNPs was prepared. The uniform solution was obtained after 5 min ultra-sonication and 30 min stirring alternatively. Then 10 μL of the mentioned solution was dropped on a piece of paper and was kept in the room temperature for 30 min to dry. Then different solutions with various Cu 2+ concentrations (15 μM, 75 μM, 150 μM, 300 μM, 450 μM, 750 μM, and 1500 μM), were prepared to investigate the colorimetric responses of the paper sensor. All the experimental solutions were prepared using deionized water (18 MΩ resistivity) and for testing the paper sensor in a complex solution, a Cu 2+ solution with three different concentrations was prepared using turbulent real water from Motala Stream River in Norrkoping city, Sweden. The samples were photographed by a 13
Megapixel camera of the Galaxy Note III with auto mode. In order to measure the color intensity of the images, the pictures were transferred to a computer and analyzed by ImageJ Photoshop software. The analysis was carried out based on the color intensity of each picture. This program has the ability of measuring the color intensity at a specific region with desired size. So the same region of each spot (centre of the spot) with the same size (36 ×36 pixels) was analyzed to determine the color intensity. The choice of the region from the center was adopted to avoid edges of the circle which have a different concentration compared to the center. The output results obtained from the ImageJ software are collected in two different forms. One shows the color intensity qualitatively, and also the software give us another outputs such as color intensity value, which is a number to show the color intensity quantitatively. It is important here to mention that the value of the intensity collected by the Camera depends on the lighting intensity in the medium of measurement. Nevertheless, the software can be calibrated to consider the medium condition(s) to provide real adjusted values.
Results and discussion
Characterization of the ZnO@ZnS CSNPs
The XRD pattern of the ZnO@ZnS CSNPs is shown in Figure 1a . CSNPs was found using ATR-FTIR. As it can be seen from Figure 1c , the peak at around 1100 cm -1 is the ZnS vibration peak and exhibits that the ZnO nanoparticles is capped with ZnS. Moreover, the peak which is observed from 400 cm -1 to 500 cm -1 is due to Zn-O vibrations of ZnO NPs. SEM image was prepared to investigate the morphology and the uniformity of the ZnO@ZnS CSNPs and is shown in Figure 1d .
Colorimetric measurements
Since the aim of this work was to demonstrate a portable and easy-to-use paper sensor for the detection of Cu 2+ ions in drinking water, the steady state reaction time between Cu 2+ and the paper sensor must be determined. Moreover, as the pH is an important parameter in redox reactions it is important to determine the optimum pH for the operation of the paper sensor, and the buffer concentration of the Cu 2+ solution. Then before exploring the sensing activity of the paper sensor, the steady state time, effect of pH, and the effect of buffer concentration were investigated.
Colour development time
In order to investigate the effect of time on the colorimetric response of the paper sensor, a 1 mM solution of the Cu 2+ was prepared and 20 μL of this solution was dropped on the paper sensor.
Then the paper sensor was photographed over 30 min with images recorded every 5 min. Figure 2a indicates the column plot of the colour intensity versus time and Figure 2b shows the real image of the paper sensor for each time. According to this Figure, after 20 min the changes in colour intensity reaches a steady value and we can consider it as a steady state reaction time and in the subsequence experiments all the pictures are taken after 20 min.
Effect of the pH on the operation of the paper sensor
In order to specify the optimum pH for the performance of the sensor in the Cu 2+ solution i.e. the optimum colorimetric response of the paper sensor, a solution with 1 mM Cu 2+ concentration was prepared with three different pH values of 4, 7, and 11. Then a 10 μL of each solution was drop-casted on the paper sensor and dried at room temperature. After 20 min, the samples were photographed and the results were analysed by the ImageJ Photoshop software to determine the colour intensity of the paper sensor for each of the three different pH values. Figure 3a shows the column plot of the colour intensity versus pH of the Cu 2+ solution with the picture of each sample as an inset. It was observed that, at pH 11, the Cu 2+ ions started to sediment (to form Cu(OH)2) and do not participate in the reaction, so the exact amount of the Cu 2+ ions could not be detected at this pH value. As it is well known the pH value of most environmental samples is around 7 but according to our results shown in Figure 3a the best efficiency of the present paper sensor (strongest color intensity) was obtained at pH 4 which shows that the reaction between the Cu 2+ ions and the paper sensor is more severe at this pH, therefore a pH value of 4 was selected as an optimum operating pH for further experiments.
Effect of buffer concentration
Different buffer concentrations were obtained by preparing 1 mM Cu 2+ solution at pH 4 with different buffer concentrations (10 mM, 15 mM, 20 mM, and 25 mM). Figure 3b indicates the column plot of colour intensity for different buffer concentrations with the image of each sample as an inset.
Image analysis shows that, the detected Cu 2+ in the solution with 10 mM buffer concentration indicates the highest intensity compared to the other concentrations and can be considered as a preferable buffer concentration.
Detection of Cu 2+ on the paper sensor
All the above results show that for getting the best response from the paper sensor the pH and buffer concentration of the Cu 2+ solution must be adjusted at 4 and 10 mM respectively and the samples should be photographed after 20 min.
In order to determine the response of the paper sensor for detecting the Cu 2+ in the aqueous solutions with different concentrations, six different solutions with various concentration of the Cu 2+ (15 μM, 75 μM, 150 μM, 300 μM, 450 μM, 750 μM, and 1500 μM) were prepared. As it was mentioned above, the pH and the buffer concentration of each solution were adjusted at 4 and 10 mM, respectively. 20 μL of each solution was drop-casted on the piece of the paper sensor and after 20 min a photograph was taken using the digital camera. Figure 4a shows the color intensity versus the Cu 2+ ions concentration obtained by the ImageJ with a digital photograph shown as an inset. While in Figure 4b indicates the value of the color intensity versus the Cu 2+ ions concentration. The insert of Figure 4b shows a digital photograph of the paper sensor. Figure 4c shows the calibration curve of the color intensity at different concentrations of the Cu 2+ ions. According to Figure 4c , the as-prepared paper sensor response to variations of the Cu 2+ ions concentration is observed to be linear. 
Paper sensor respond to another cations and anions
To investigate the practical application, i.e. the selectivity of the paper sensor, it was utilized to sense various cations and anions (Na + ). A solution with 1.5 mM concentration of each of these cations and anions was prepared at pH 4 with 10 mM of the buffer solution concentration. Then a 20μL of each solution was dropped on the paper sensor and dried at room temperature. The pictures were taken after 20 min and are shown in Figure 5 . As it is clear, although the sensor responds to the Fe 2+ , Fe 3+ ions but the obvious colour change takes place only by adding Cu 2+ ions. Therefore, this paper sensor could directly detect Cu 2+ ions in the aqueous solutions without a negative effect from other cations and anions that could be available in the aqueous solution. Hence the present paper sensor possesses a high selectivity for Cu 2+ ions.
The other disturbing factor which needs to be considered is Humic substances. But as it is known, the concentration of these compounds is not too high in aqueous samples so the amount of water which has been dropped on to the sensor is not enough for these compounds to be enriched onto the present paper sensor.
37, 38
Analysis of the real sample
In order to investigate the ability of this paper sensor to perform in a solution with different unknown pollutant, the water of the Motala stream river (Norrköping, Sweden) was used as a complex solution. Before preparing the solution, water was tested with the paper sensor and no Cu 2+ ions were found in the water. Then three solutions with different Cu 2+ concentrations (1.5 mM, 300 μM, and 75 μM) were prepared and the pH and buffer concentration of them were adjusted at 4 and 10 mM respectively. A 20 μL of each solution was dropped on the paper sensor and dried at room temperature.
The paper sensor was photographed and the pictures were transferred to the computer to calculate the colour intensity and measuring the equivalent Cu 2+ concentration using calibration curve. In order to compare the color intensity of the real samples to that of the experimental samples which was prepared using deionized water, the column plot of color intensity is shown in Figure 6 . Table 2 shows the measured Cu 2+ concentration of each solution using this method and also the relative error of each one.
This amount of relative error is acceptable and confirms the practical applicability of this paper sensor to detect Cu 2+ ions in complicated solutions.
Comparing the performance of ZnS NPs and ZnO@ZnS CSNPs as a Cu 2+ detection sensor
ZnS NPs were synthesized using a co-precipitation method. 39 Then the ability of bare ZnS nanoparticles instead of ZnO@ZnS CSNPs was studied by preparing the same paper sensor using ZnS
NPs. In order to prepare a uniform 0.5 M ZnS solution, the mixture was stirred for 24 hrs, after 30 min exposing to the ultrasonic wave. It was observed that the ZnS NPs has limited dispersibility in water compare to the ZnO@ZnS CSNPs which can be dispersed in water after ultrasonication for 5 min and 30 min stirring. 10 μL of the as-prepared ZnS solution was placed on the piece of the paper and dried at room temperature. The sensing activity of the ZnS NPs paper sensor was examined by dropping 20 μL of different solutions with various Cu 2+ concentrations. Figure 7 shows the colorimetric response of the paper sensor for different concentration of the Cu 2+ ions. Since it was not possible to obtain a uniform ZnS solution, the colorimetric response behaviour of this paper sensor was not uniform or repeatable.
This result show that using a paper sensor coated with ZnO@ZnS CSNPs not only indicates a uniform spot under influence of Cu 2+ ions, but is easy to be prepared because of its uniform dispersibility in water.
The mechanism of Cu 2+ detection sensor
Once the Cu 2+ was transferred on to the sensor, cation exchange begins at the interface between ]. 40, 41 In order to investigate the mechanism of the present paper sensor for detecting Cu 2+ ions in aqueous solutions, the XRD spectra of the paper and the paper sensor after and before the addition of the Cu 2+ ions were measured.
According to Figure 8 , after the addition of the Cu 2+ on the paper sensor two additional peaks appeared.
A comparison with the standard card (JCPDF: 006-0464) the peak around 27.6 o belongs to the CuS crystal plane of (101). Also a careful perusal of XRD image shows that the intensity of the peak at 32 o became higher by adding Cu 2+ ions. Since the CuS has a peak at this angle that belongs to the (101) crystal plane, we can claim that the reaction between the paper sensor and the Cu 2+ leads to the formation of CuS and color changing from white to brown confirms this fact. 42 We postulate that the following reaction takes place and the cation in the shell of CSNPs (i.e. the Zn 2+ ) was simply exchanged with the Cu 2+ ions according to the following reaction:
Also, according to the SEM images of the paper (without adding nanoparticles), the paper (after adding nanoparticles) and the used paper (after adding Cu 2+ ions) shown in Figure 9 , adding the Cu 2+ ions leads to increase the agglomeration. Increasing the agglomeration could be explained by considering the fact that, as the ZnO@ZnS CSNP are accumulated on the paper, by adding the Cu 2+ to the paper the Cu 2+ ions will react with a cluster of ZnO@ZnS CSNPs and this can further increase the size and agglomeration.
Conclusions
In this study a portable, highly sensitive and selective and easy-to -use paper sensor for detecting Cu 2+ ions in aqueous solution was prepared using ZnO@ZnS CSNPs. The ZnO@ZnS CSNPs were synthesized using a low temperature chemical method which is fast and easy to use. The grown CSNPs were coated on a paper and were utilized as a disposable paper sensor. The optimum pH and buffer concentration of the Cu 2+ solution presented here were obtained as 4 and 10 mM, respectively.
In order to investigate the sensing activity, the paper sensor was tested in presence of different concentration of the Cu 2+ . The paper sensor was photographed and the results were analysed using ImageJ software. The results show that increasing the Cu 2+ concentration leads to linear increase of the colour intensity of the paper sensor. Testing the paper sensor in a complex turbulent solution confirmed the practical applicability of the presented disposable paper sensor. The lower limit of detection estimated from the present sensor was 15 µM (~0.96 ppm), which is less than the international allowed level of Cu 2+ ions in drinking water. The findings and use of CSNPs presented here indicate the potential as the method adopted is a low cost, easy and can be scaled up for mass production. : SEM images of the paper, paper sensor, and used paper sensor after adding Cu 2+ ions. 
